Abstract -Multi-object spectroscopy (MOS) is a powerful tool for space and ground-based telescopes for the study of the formation and evolution of galaxies. This technique requires a programmable slit mask for astronomical object selection. 
INTRODUCTION
Large field of view surveys with a high density of objects such as high-z galaxies or stars benefit of multi-object spectroscopy (MOS) technique. Next-generation infrared astronomical instrumentation for ground-based and space telescopes could be based on MOEMS programmable slit masks for MOS. This astronomical technique is used extensively to investigate the formation and evolution of galaxies. In order to optimize the Signal-to-Noise Ratio (SNR), the high precision spectra measurements could be obtained using a MOS. MOS with multi-slits is the best approach to eliminate the problem of spectral confusion, to optimize the quality and the SNR of the spectra, to reach fainter limiting fluxes and to maximize the scientific return both in cosmology and in legacy science. Major telescopes around the world are equipped with MOS in order to simultaneously record several hundred spectra in a single observation run. Next generation MOS for space like the Near Infrared Multi-Object Spectrograph (NIRSpec) for the James Webb Space Telescope (JWST) require a programmable multi-slit mask. Conventional masks or complex fiber-opticsbased mechanisms are not attractive for space. The programmable multi-slit mask requires remote control of the multi-slit configuration in real time.
Micro-electro-mechanical systems (MEMS) have a great potential to provide field selector satisfying the most stringent requirements [1] , [2] , [3] . Different groups developed their own MEMS-based slit mask. The NASA's Goddard Space Center has developed Microshutter Arrays (MSA) for the multi-object spectrometer of the James Webb Space Telescope (JWST) [4] . During the early-phase studies of the European Space Agency (ESA) EUCLID mission, a MOS instrument based on a MOEMS device has been studied using the capabilities of the largest DMD in a space environment [5] . By placing the programmable slit mask in the focal plane of the telescope, the light from selected objects is directed toward the spectrograph, while the light from other objects and from the sky background is blocked. For example, a MOEMS-based MOS concept where the programmable slit mask is a MMA is shown in Fig. 1 . In action, the micro-mirrors in the ON position direct the light toward the spectrograph, while the micro-mirrors in the OFF position are directing the beam towards a light trap.
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Laboratoire d'Astrophysique de Marseille (LAM) and Ecole Polytechnique Fédérale de Lausanne (EPFL) began in 2004 a collaboration having the objective to develop a micromirror array (MMA) fully dedicated for multi-object spectroscopy [6] , [7] . Our MMA has to achieve a mirror size of 100 x 200 μm 2 , a mirror deformation lower than λ/20 (λ = 1 μm), a fill factor of more than 90 %, an optical contrast of 1000:1 (goal: 3000), a tilt angle of 20°, a tilt angle difference between mirrors lower than 10 arcminutes, an actuation voltage lower than 100 V, individual addressing capability of each micromirror, and finally it has to be cryogenic compatible.
In this paper, devices composed of 32 x 64 micromirrors with individual and line by line addressing capabilities were presented. These MMA were characterized electromechanically, optically and in a cryogenic environment. Finally, an individual actuation of 2 x 2 micromirrors was demonstrated.
II. CONCEPT
The micromirror was based on the electrostatic double plate actuator. A micromirror was suspended by two polysilicon flexion hinges, which were attached to a sustaining frame ( Figure 2 ). To generate an electrostatic force, an electrode was placed underneath the micromirror and pillars were placed to set a precise electrostatic gap. A stopper beam was placed under the frame to set precisely the tilt angle of the micromirror after actuation. Finally, two landing beams were placed under the micromirror to avoid the micromirror to touch the electrode and generate short-circuits during the actuation.
When a voltage higher than the pull-in voltage was applied on the electrode, the micromirror was attracted by an electrostatic force towards the electrode. During this motion, it touched its stopper beam ( Figure 2b ) and landed on its landing pads. Therefore, after pull-in, the micromirror was electrostatically clamped at a precise tilt angle (Figure 2c ). When the voltage was decreased, the micromirror took off from its stopper beam. When the restoring force of the flexure beams was higher than the electrostatic force the micromirror returned in its rest position. Figure 2 . When a voltage was applied on the electrode, the micromirror was attracted towards its electrode by the action of an electrostatic force. During this motion, the mirror touched its stopper beam (b) and at the end of the motion, it was clamped at a precise tilt angle thanks to its contacts with its stopper beam and its landing pads (c).
The micromirrors were addressed of two different ways: line by line or individually. For line addressing, each line of micromirrors were directly connected to the electronics. On the other hand, for individual addressing due to the limited space available, it was not possible to connect each micromirror by an electrical connection. Therefore, individual addressing was implemented based on a line-column algorithm using the property of the tilt angle/voltage hysteresis [7] . This is a common technique in MEMS and it has been successfully applied e.g. to microshutter arrays [8] .
For such actuation, the micromirrors were electrically connected along their lines while the electrodes were connected in the perpendicular direction ( Figure 3) . Therefore, each micromirror of the array was addressed by setting the voltages of its line and of its column. To actuate individually several micromirrors of the array, the property of the tilt angle/voltage hysteresis was used. Indeed, the micromirror has two different tilt angles for the same actuation voltage. Therefore, using FEM simulation, micromirrors were modeled to possess a constant tilt angle after actuation, for voltages larger and lower than the pull-in voltage. Hence, when a tilted micromirror was placed at a voltage lower than the pull-in voltage, it was possible to actuate its neighboring micromirrors without changing its tilt angle.
When actuating a specific micromirror, we have to set the voltage along its line to V mir and the voltage along its column to V el . When the voltage difference between the line and the column is larger than the pull-in voltage (V p-in ), the mirror tilts to its operation angle.
The hysteresis behavior has the useful property, that -after pull-in has occurred -the operation angle can be kept at a voltage considerably lower than the pull-in voltage (Figure 3b Therefore, to actuate a mirror having the position (m, n) in the array the following procedure is executed: At this point, if the neighboring mirror (m+1, n) has to be actuated we set the mirror line m+1 to the negative voltage δ, the mirror is in position 2, we set the mirror line m+1 at 0 and the mirror is in position 3. Finally, to recall all mirrors in their original rest position (pos. 0) we set the voltages for all electrodes and mirrors to 0V.
The procedure above allows actuating each micromirror of the array individually. Nevertheless, for successful application of the individual addressing concept, the position 3 of the hysteresis has to be as wide as possible, in order to compensate for non-uniformities of the electro-mechanical hysteresis among the micromirrors of the array a) b) 
III. FABRICATION
Our MMA were microfabricated using bulk, surface micromachining and wafer level bonding. The electrode part and the mirror part were processed separately on different wafers and bonded together at the end of the process (Figure 4) . A detailed description of the process was provided in reference [7] .
The trenches surrounding the micromirrors were etched by DRIE in the device layer of the SOI wafer. These trenches were then covered by a 2 μm-thick layer of silicon dioxide by fusion bonding and thinning techniques. For the anchors of the beams, the silicon dioxide layer was etched by RIE. A polysilicon layer was deposited and patterned on the silicon dioxide layer to form the beams. The silicon dioxide layer was thinned down, patterned by RIE and a gold layer was deposited by lift-off technique. Finally, the silicon dioxide layer was completely etched.
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For the electrode part, the two levels required on the surface (i.e. pillars and electrodes) were processed by DRIE delay mask process using a mask of silicon dioxide and a mask of photoresist.
The mirror part and the electrode part were then bonded by Au-Si eutectic bonding and the wafer stack was diced. The handle layer of the mirror wafer was then grinded at chip-level. The remaining silicon layer was patterned by honeycomb structures avoiding the bond between the pillars and the micromirror frame to break due to the stress generated by the BOX of the mirror wafer. Finally, the honeycomb structures were removed and the mirrors released by etching the BOX in HF vapor phase etcher. Figure 4 : Fabrication process of the MMA involved three wafers and two wafer-level bonds. An oxidized transfer wafer was fusion bonded on top of the trenches of the mirror wafer. The transfer wafer was completely etched by grinding and KOH etching. The polysilicon beams and the gold pads were then patterned on the mirror wafer. Finally, the mirror wafer was bonded by Au-Si eutectic bonding on the DRIE-processed electrode wafer and the handle layer and the BOX of the mirror wafer were completely etched. The parts in grey represented the silicon parts, blue represented the silicon dioxide parts, green represented the polysilicon parts and yellow represented the gold parts.
After optimization of the process, fabrication of MMA was fully successful: No broken mirrors were observed ( Figure 5 ). Moreover, this scalable process using waferlevel bonding was designed to make even larger arrays. IV. CHARACTERIZATION
A. Tilt angle/voltage hysteresis
The tilt angle/voltage hysteresis was measured for a micromirror and compared with the FEM simulation computed with CoventorWare 2010 (Figure 6 ). For this characterization, a white light interferometer (Wyko NT1100 from Veeco) was coupled with a voltage supply. The voltage range was set from 0 to 140V and the tilt angle was measured every 2V.
From this measurement, the behavior of the micromirror was investigated. Before pull-in, the micromirror tilted of few degrees. At the pull-in voltage, the micromirror was attracted towards the electrode and was clamped at a precise tilt angle due to its stopper beam. When the voltage was decreased, the micromirror kept its tilt angle constant until 70V where it took off from its stopper beam increasing its tilt angle. When the restoring force of the flexure beams became larger than the electrostatic force, the micromirror returned in its rest position.
For this micromirror, pull-in occurred at a voltage of 120V and the tilt angle of the micromirror in its ON state was 25.3°. After pull-in, from 140 to 90V the micromirror varied its tilt angle of only 0.08°. Therefore, this design was well suited for line-column addressing because it had a tilt angle constant for a large voltage range below the pull-in voltage.
In comparison with the simulated values, the pull-in and pull-out of the micromirror were similar (within 5V). However, the tilt angle and the upper part of the hysteresis were not congruent with the simulation. These differences can be explained partly because fabrication process variations occurred modifying these features.
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B. Fill factor
Although, the fill factor was mainly set during the modeling of the device, it varied as a function of the fabrication process. Therefore, the width of the trenches surrounding the micromirrors was characterized by SEM and the fill factor was calculated. A fill factor of 82.3% was obtained for the micromirror surface and of 98% in the direction along the length of the micromirror for the long slit mode.
C. Contrast
The contrast of a micromirror was characterized on a dedicated optical bench at LAM [9] . A light source having a diameter of 200 μm was focalized on a micromirror. Two pictures were recorded: for a micromirror at rest (OFF state) and for a micromirror tilted (ON state). The light intensity of each picture was integrated over the micromirror surface and the ratio between the pictures provided the contrast. Finally, for a micromirror tilting by 24°, a contrast ratio of 1000:1 was obtained.
D. Micromirror surface deformation
To increase the reflectivity for IR application, the silicon micromirrors were coated with gold. Since the micromirror deformation had to be as low as possible at room temperature and at cryogenic temperature, a study was undertaken to determine the coating inducing the smallest Peak-To-Valley (PTV) deformation. Two adhesion layers (Ti and Cr) for the gold layer were investigated. The micromirrors were measured by phase shift interferometry and the PTV deformation was obtained by taking the mean of the PTV deformation of the two diagonals of the mirror. For the first sample set, 30 silicon micromirrors of 10 x 100 x 200 μm 3 were measured without coating. Then, a coating of 10 nm of Ti and of 50 nm of Au was deposited on a single face of the mirror and the samples were measured.
Finally, the surface deformation induced by an adhesion layer of Cr was measured on other micromirrors coated with 10 nm of Cr and of 50 nm of Au.
The silicon micromirrors without coating demonstrated a PTV deformation of 5 nm (mean value). For an adhesion layer of Ti, a PTV deformation of 9.8 nm was obtained and of 11.9 nm for Cr ( Figure 7) . Therefore, using Ti rather than Cr as an adhesion layer demonstrated a little less of stress.
With a PTV surface deformation of about 10 nm, these micromirrors demonstrated an excellent quality and although the deformation may increase at cryogenic temperature, it should stay within the limit of 50 nm. With a coating of Ti, the deformation was 9.8 nm while for Cr it was 11.9 nm.
E. Cryogenic experiment
The cryogenic compatibility is crucial for the application in an infrared (IR) MOS. Our MMA is conceived such that all structural elements have a matched coefficient of thermal expansion (CTE) in order to avoid deformation or even flaking within the device when cooling down to the operating temperature. The mirrors themselves must be covered with a gold layer for IR operation, gold having a different CTE than silicon. As the silicon mirror is 10 m thick and the coating 60nm thin, we estimate that the induced deformation will be small.
For characterising the surface quality and the performance of our MMA's at low temperature, we have developed a cryo chamber optically coupled to a highresolution Twyman-Green interferometer [10] . The interferometer provides a sub-nanometer accuracy, and the cryo-chamber allows pressure down to 10 -6 mbar and cryogenic temperatures. In order to get such temperature, the chamber is equipped with an internal screen insulating radiatively the sample from the chamber. Control of the
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The chamber has a glass window that allows observing and measuring the sample chip during cryogenic testing. The micromirror device is illuminated and imagined by a CCD camera on the outside; the micromirror device is rotated such that the light of the tilted mirrors (ON state) is sent to the CCD camera. The presence of a glass window at the entrance of the chamber is an issue for getting fringes with a high contrast.
Two elements have to be corrected: -The path difference between the interferometer arms (sample arm and reference mirror arm). -The glass medium is dispersive for the different wavelengths, each wavelength following a different path.
The first point could be overcome by moving the reference mirror in order to balance the path difference induced by the index difference between the window material and air, this balance is obtained for a very narrow linewidth. As we are using sources with low coherence, i. e. with a wide linewidth (typically 10nm), and as glass is dispersive, the path followed by each wavelength will be slightly different, degrading drastically the fringe pattern contrast. The only solution is to introduce in the reference arm a glass plate exactly identical to the window in the sample arm. The window and the reference plate have been ordered at the same time and installed on the bench. In Fig.  8 is given a view of the cryogenic chamber installed on our interferometric setup. The chamber is shown open during integration and closed when it is in operation.
The MMA device is packaged in PGA chip carrier. The PGA is inserted in a ZIF-holder integrated on a PCB board. Large copper surfaces on the PCB facilitate cooling down the system; renouncing the solder-stop layer eases outgassing of the PCB FR4 base material during evacuation of the chamber. The PCB itself is mounted via a fix-pointplane-plane attachment system to a solid aluminum block, the latter being interconnected to the cryo-generator. Thick copper wires between the PCB and the aluminum block further enhance thermal transport between the sample chip and the cryostat. A 100-pins feed-through connector links the chip with a custom built MMA control electronics. Temperature sensors are connected to the aluminum block and to the grid zip connector adjacent to the sample chip. Before the cryogenic test, four lines of micromirrors were fully tilted at an actuation voltage of 130 V (Figure 9) . The chamber was then cooled down to 162K, and under these conditions, 4 lines of 32 micromirrors were tilted at an actuation voltage of 148V. Nevertheless, some mirrors were not fully tilted because the actuation voltage was not high enough. Therefore, at cryogenic temperature the pull-in voltage increased as compared to the pull-in voltage at room temperature. Investigations are currently underway to understand the behavior of the MMA (doping level of the layers and local effects…).
The micromirrors could be successfully actuated before, during and after cryogenic cooling at 162K. We could measure the surface quality of the gold coated micromirrors at room temperature and at 162 K without large deformation difference. Thanks to the use of a reference plate in the reference arm identical to the chamber window, we could get a high contrast in our measurements.
Interference fringes are clearly visible on the second column of actuated mirrors in Fig. 9 , and we could then measure the mirror surface deformation when the device was actuated at room temperature and at cryogenic temperature. A 9.8nm PTV surface deformation was measured at 293K, increas ing up to 27.2nm PTV at 162K. When coming back at room temperature, we measured again the mirror surface deformation and obtained a value of 9.9nm PTV, identical to the value measured before cooling of the array. The deformation is due to the CTE mismatch between the thick silicon micromirror and the thin gold coating layer on top. However, the surface deformation stays within the limit of 50 nm. 
F. Line-column addressing 2 x 2
As a proof of concept of the individual addressing capabilities of the MMA, a 2 x 2 sub-part of a MMA of 32 x 64 micromirrors was actuated (Figure 10 ). For this demonstration, the line of micromirrors m was set to 80V, since the two electrodes were at ground the micromirror (m, n) and (m, n+1) tilted of few degrees. The electrode n was set to -30V, the voltage difference for mirror (m, n) became larger than the pull-in voltage and the micromirror tilted fully (Figure 11b ). The electrode n was set to 0V and mirror (m, n) stayed tilted thanks to the tilt angle/voltage hysteresis. Then, the electrode n+1 was set to -30V and mirror (m, n+1) was fully tilted (Figure 11c) . Again, the electrode n+1 was set to 0V and the micromirror stayed tilted. Following the same procedure, micromirror (m+1, n) was actuated, the line of micromirrors m+1 was set to 80V and its electrode n to -20V (Figure 11d ). After actuation of mirror (m+1, n), the electrode n was set to 0V and the micromirror stayed tilted. To fully tilt mirror (m+1, n+1), the electrode n+1 was set to -10V. After the actuation of mirror (m+1, n+1) its electrode n+1 was set to 0V and the mirror stayed tilted. After the application of these voltages, the 4 micromirrors were fully tilted (Figure 11e) . Finally, the voltages along the lines of micromirror m and m+1 were set to 0V and the 4 micromirrors returned to their rest position (Figure 11f ). The pull-in voltage difference between these micromirrors occurred because for this device the frame was not fully assembled to the pillars changing locally the electrostatic gap. (b) Mirror (m, n) was tilted when its electrode n was set to 80V and its line to -30V.
(c) Mirror (m, n+1) was tilted when its electrode n was set to 80V and its line to -30V.
(d) Mirror (m+1, n) was tilted when its electrode n was set to 80V and its line to -20V.
(e) Mirror (m+1, n+1) was tilted when its electrode n was set to 80V and its line to -10V.
(f) All the mirrors were set at rest when the voltage sources were set at ground. Figure 11 . Demonstration of the line-column addressing capabilities of a 2 x 2 region of a 32 x 64 MMA. For this experiment, the device was not wire-bonded and probes were used to connect electrically the array. The pull-in voltage differences between these micromirrors can be explained because for this device the frame was not fully assembled to the pillars. The micromirrors measured 200 x 100 μm 2 .
ICSO 2012 Ajaccio Corse International Conference on Space Optics 9 -12 October 2012 V. CONCLUSION MMA for generating reflective slit masks in future MOS, called MIRA, were developed. MMA of 32 x 64 tilting 100 x 200 μm 2 micromirrors were successfully fabricated using three wafers and two wafer-level bonds (eutectic and fusion bonding). No broken micromirrors were observed on the final devices demonstrating the quality of the fabrication process.
The MMA were then characterized electromechanically, optically and in a cryogenic chamber. A tilt angle of 24° was measured for an actuation voltage of 130V. The fill factor characterized by SEM was 82.3% for the mirror surface and 98% in the direction along the micromirror lines. The contrast ratio between the rest and tilted state of the micromirror was 1000:1. The micromirrors coated with 10 nm of Ti and of 50 nm of Au showed a PTV surface deformation at room temperature of 9.8 nm. Several lines of 32 micromirrors were successfully tilted at a temperature of 162K. The micromirror surface deformation was measured at cryo and is as low as 27 nm PTV. Individual addressing of 4 micromirrors was demonstrated using a line-column algorithm based on the tilt angle/voltage hysteresis of the electrostatic actuator. Line-column addressing of arrays of 2048 micromirrors are currently under investigation.
MIRA prototype demonstrates the ability of such MOEMS device to work as objects selector in future generation of MOS instruments both in ground-based and space telescopes.
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